Abstract: Economically important vegetable crop lettuce (Lactuca sativa L.) of family Asteraceae was selected for the present investigation. It is being cultivated in UAE due to its commercial importance. In lettuce cultivation, the major problem is the requirement of large quantities of irrigation water. The present study was aimed to reduce the water consumption of lettuce cultivation; for that, a varied irrigation regime was used with the application of abscisic acid (ABA). The parameters studied were biochemical constituents, antioxidant potential and antioxidant enzymes' activities in lettuce plants under drought stress and its response to ABA under stress. Drought stress caused an increase in the biochemical constituents like proline and amino acid contents when compared with control and also increased under individual ABA treatments and treatments under drought stress. The non-enzymatic antioxidant molecules like ascorbate and α-tocopherol showed significant increase under drought condition in lettuce. ABA slightly reduced these contents. The antioxidant enzymes like superoxide dismutase, catalase and peroxidase showed 
PUBLIC INTEREST STATEMENT
Lettuce (Lactuca sativa L.) is an economically important vegetable crop of the family Asteraceae. It is being cultivated in UAE due to its commercial importance. In lettuce cultivation, the major problem is the requirement of large quantities of irrigation water. The present study was aimed to reduce the water consumption of lettuce cultivation; for that, a varied irrigation regime was used with the application of abscisic acid.
Introduction
Plants experience many different kinds of abiotic stresses like higher concentration of salt, drought, temperature and heavy metals which largely influence plant development and crop productivity. A major threat to food security due to constant changes of climate and deterioration of environment has been observed for the past few years (Suzuki, Rivero, Shulaev, Blumwald, & Mittler, 2014) . Among abiotic stresses, the drought has been the major environmental factors limiting the growth and productivity of agronomically important plants (Anjum et al., 2011) . Plants have developed several biochemicals, physiological and metabolic strategies in order to combat such abiotic stresses (Gupta, Sengupta, Saha, & Gupta, 2013) . The plant hormone abscisic acid (ABA) is a stress hormone that is accumulated mainly under drought stress (Zhang, Jia, Yang, & Ismail, 2006) . Spraying ABA on leaves increases the growth of Ilex paraguariensis plants by ameliorating water stress by promoting stomatal closure that was positively correlated with an increase in the RWC in leaves (Sansberro, Mroginski, & Bottini, 2004) . ABA synthesis triggers major reprogramming of the transcriptome, stomatal closure and restraints transpirational water loss (Raghavendra, Gonugunta, Christmann, & Grill, 2010) . ABA increase due to drought stress can cause pod abortion (Liu, Jensen, & Andersen, 2004) . Previously, Liu et al. (2004) reported seed abortion in soybean under ABA influence. It is reported to gradually degrade upon removal of stress (Zhang et al., 2006) . Zhang et al. (2011) reported that ABA pretreatment further increased the endogenous level in maize seedling. Pre-soaking seed treatment with ABA was reported to significantly enhance the antioxidant enzymes activity in maize seedlings subjected to water stress (Bano, Ullah, & Nosheen, 2012) . Similarly, Nishiyama et al. (2011) found that relative water content of ABA-treated plants was higher under drought stress.
Lettuce (Lactuca sativa L.) is a vegetable which contains many nutrients (Dan, Qiang, Zhaonan, & Zhengquan, 2014) . Cultivated lettuce is an important salad crop which is grown throughout the world. Lettuce is also widely grown as a vegetable in home gardens. Lettuce is extremely sensitive to drought due to its shallow root system (Kizil, Genc, Inalpulat, Şapolyo, & Mirik, 2012) . It is especially important as a commercial crop in Asia, North and Central America and Europe. China, the USA, Spain, Italy, India and Japan are among the world's largest producers. Nutritionally, it rates low among other vegetable crops; 95% of the crop contains water with varying amounts of phosphorus, iron, sodium and potassium, depending on the morphological type. Leaf lettuces have higher levels of ascorbic acid, vitamin A and calcium (Martínez-Sánchez, Tudela, Luna, Allende, & Gil, 2011) . So, there is a requirement to investigate the efficacy of this ABA in the enhancement of biochemical, antioxidant potentials and antioxidant enzymes in lettuce plants to increase their yield under different irrigation intervals. Hence, this analysis aims to evaluate the capability of ABA to enhance the biochemical constituents with special emphasis on both non-enzymatic and enzymatic antioxidant constituents under varied irrigation regimes.
Materials and methods
A greenhouse experiment was conducted to evaluate the physiological response of lettuce under deficit irrigation with or without exogenous ABA application. The greenhouse experiment was carried out in Al-Foah Experimental Station (270° N and 220° S latitude and 510° W and 570° E longitude) of College of Food and Agriculture, UAEU in Alain city, 160 km from Eastern Abu Dhabi, the capital city of UAE. The greenhouse environment was controlled for temperature and relative humidity. Accordingly, during the experimental periods, the temperature of the greenhouse was maintained at 24 ± 2°C. The greenhouse allows the entrance of the natural light and hence artificial light was not applied. The methodologies adopted are described below.
Cultivation methods and experimental design
Lactuca sativa var. longifolia seeds were obtained from Lortolano company, Italy, kindly provided by Agricultural inputs commercial supplier "Shat Alarab". Seed sowing was carried out manually on the 10 February 2012 in polystyrene trays filled with different media with 84 cells (peatmoss:perlite 2:1). In this experiment, the trays were kept in the greenhouse and irrigated as needed with tap water until germination. After emergence (15 days after sowing), the seedlings were thinned to retain three seedlings in each cell. Seedlings were under natural light conditions; ventilation was provided automatically when the air temperature exceeded 28°C by a cooling system. Plastic pots of 40 cm diameter and 45 cm height size were used for the study. The pots were filled with 10 kg of soil mixture containing red soil, sand and commercial potting soil at 1:1:1 ratio. Three seedling of lettuce were transplanted into the pots. In a week period, second thinning was applied to retain the healthiest seedling for the experiment.
Drought stress induction and ABA application in pot culture
The experiment was carried out with several drought levels and ABA concentrations were applied exogenously. The drought factors were expressed as different irrigation intervals and fixed water quantity (200 ml). The irrigation intervals are 24 h, considered as a common control (well watered), 48 h, 72 h and 96 h and applied manually for each pot. Moreover, the lettuce samples were subjected to different concentrations of ABA. The ABA effect was studied at different concentrations (not sprayed (control), 5 µg l ). ABA concentrations were applied manually using a 500-ml sprayer for each plant. The experimental units are arranged in a completely randomized block design (CRBD). The plants were allowed to grow up to 15 days after the transplantation under daily irrigation, which is considered as control. Fifteen days after transplantation, the plants were treated with different ABA concentrations, different intervals of drought stress and ABA with drought combinations. On the 75th day, plants were uprooted gently, washed carefully and packed in labelled plastic bags for further analysis. From the uprooted plants, leaves were collected for experiments. All leaf samples were analysed to measure biochemical contents, enzymatic and non-enzymatic antioxidants.
Biochemical analysis
Proline content was estimated following the method of Bates, Waldren, and Teare (1973) . Amino acid content was estimated by following the method of Moore and Stein (1948) .
Antioxidants
Ascorbic acid content was estimated as described by Omaye, David Turnbull, and Sauberlich (1979) and α-tocopherol content by following Baker, Frank, DeAngelis, and Feingold (1980) .
Antioxidant enzymes
The superoxide dismutase (SOD, EC: 1.15.1.1) extraction was done by the method of Hwang, Lin, Chern, Lo, and Li (1999) . The enzyme protein was determined by Bradford (1976) method. Superoxide dismutase activity was assayed as described by Beauchamp and Fridovich (1971) . Superoxide dismutase activity was expressed in units per mg protein. One unit is defined as the amount of change in the absorbance by 0.1 per hour per milligram protein under the assay condition (Cherry, 1963) . Catalase (CAT, EC: 1.11.1.6) activity was assayed as described by Chandlee and Scandalios (1984) . The enzyme activity was expressed in units 1 mM of H 2 O 2 reduction per minute per mg protein. Peroxidase (POX, EC: 1.11.1.7) was assayed by the method of Kumar and Khan (1982) . The activity was expressed in unit mg −1 protein. One unit is defined as the change in the absorbance by 0.1 min −1 mg −1 protein.
Results and discussion

Biochemical analysis
Proline
In lettuce, drought stress caused increased accumulation of proline content at all stages of growth. ABA also resulted in increased proline content in unstressed and stressed lettuce. ABA in combination with drought caused, again, an enhancement in proline content when compared to stress and well-watered control plants. 10-µg ABA treatment on 72 h irrigation regime increased the proline content significantly when compared to all other treatments (Figure 1 ).
In lettuce, drought stress caused increased accumulation of proline content of the leaves at all water deficit irrigation intervals. ABA also resulted in increased proline content in lettuce in control and drought stressed plants. Water stress resulted in an increase in proline accumulation in sorghum (Yadav, Jyothi Lakshmi, Maheswari, Vanaja, & Venkateswarlu, 2005) . Enhancement in proline content of stressed plants may be an adaptation to overcome the stress. Proline accumulated under stressed conditions supplies energy for growth and survival, and thereby helps the plant to tolerate stress . Proline accumulation in plants might be a scavenger and act as osmolytes. ABA increased the proline content in Phaseolus vulgaris (Mackay, Christopher Hall, Hofstra, & Fletcher, 1990) .
Amino acids
Water deficit stress increased the amino acid content in lettuce on all irrigation regimes. The amino acid content increased under individual ABA treatments and treatments under drought stress. The extent of increase was more in 15 ABA on 96 h irrigation regime (Figure 2 ). Drought stress caused increased amino acid content when compared to control in lettuce plants. The amino acid content increased under individual ABA treatments and treatments under drought stress. The amino acid content has been shown to increase under drought condition in sunflower . Accumulated amino acid may be occurring in response to the change in osmotic adjustment of their cellular contents (Shao et al., 2007) . Amino acids accumulation plays a very important role in drought tolerance, probably through osmotic adjustment in different plant species, such as Radix astragali (Tan, Liang, Shao, & Du, 2006) . 
Antioxidants
Ascorbic acid
In lettuce, ascorbic acid content was increased with drought stress when compared to control plants. ABA decreased the ascorbic acid content when compared to well-watered and stressed plants (Figure 3 ).
The ascorbic acid content increased with drought in lettuce plants. ABA decreased the ascorbic acid content when compared to control. Compared with controls, plants under drought stress displayed increased AA levels throughout the experimental period, whereas ABA treatment lowered AA levels. Treatment in the ABA + drought group increased AA level lower than those of drought treatment alone. These results indicate that the enhancement of AA level is correlated with both exogenous ABA and drought stress. Similar results were reported by Guo et al. (2012) in pepper (Capsicum annuum) leaves subjected to chilling stress and exogenous ABA application. Ascorbate is one of the most extensively studied antioxidant and has been detected in the majority of plant cell types, organelles and apoplasts (Smirnoff, 2000) . Water stress resulted in significant increases in antioxidant AA concentration in turf grass (Zhang & Schmidt, 2000) . A decrease in ascorbic acid was reported in ABA treatment in plants (Zhang et al., 2006) .
α-Tocopherol
α-Tocopherol of the drought stressed plant roots significantly increased when compared to control plants. ABA was an inhibitor of α-tocopherol individually and also under drought stress. ABA application resulted in a significant reduction in α-tocopherol content in lettuce when compared to control and different irrigation regimes (Figure 4) . α-Tocopherol of the drought stressed plants significantly increased when compared to control plants. ABA was an inhibitor of α-tocopherol individually and also under drought stress. ABA increased the α-tocopherol content, but it was significantly less than drought stressed and control plants. The active oxygen species formed at the membrane of wheat leaves under drought stress was efficiently removed upon rehydration with increase in the α-tocopherol and β-carotene (Bartoli et al., 1999) . A similar result was observed in pea (Simontacchi, Caro, Fraga, & Puntarulo, 1993) chilling stress. Previous studies have demonstrated the important roles of AA in the tolerance of plants to environmental stresses. For instance, Li, Yu, Gao, Dai, and Bai (2011) showed that low temperature increases AA level in cucumber plants, through the enhanced recycling pathway, reduces the deleterious effects of environmental oxidative stress.
Antioxidant enzymes
Superoxide dismutase (SOD, EC: 1.15.1.1)
The activity of SOD increased in water deficit lettuce. Only 10 ABA treatment showed significant increase in SOD activity. Treatment with ABA resulted in an enhancement of SOD activity under drought stress. The maximum increase was in 10 ABA with 72 h irrigation regime. More concentrations like 15 showed decreased activity (Table 1 ). The activity of SOD increased in water deficit lettuce plants. Treatment with ABA resulted in an enhancement of SOD activity under drought stress. The SOD activity increased under drought in Phaseolus acutifolius (Türkan, Bor, Özdemir, & Koca, 2005) . An increase in SOD activity was reported in Carthamus tinctorius plants under water deficit stress (Hojati, Modarres-Sanavy, Karimi, & Ghanati, 2011) . SOD activity increased under drought stressed higher plants (Reddy, Chaitanya, & Vivekanandan, 2004). 3.3.2. Catalase (CAT, EC: 1.11.1.6) The activity of CAT increased with different irrigation regimes. Treatment with ABA increased the CAT activity in control plants. On 96 h irrigation regime, there was no significant rise in CAT activity with ABA application (Table 2 ).
The activity of catalase increased in drought stressed plants when compared to control. ABA increased the catalase activity to a higher level than control. ABA increases the activities of antioxidant enzymes such as SOD, catalase, APX and glutathione reductase in plant tissues under drought freezing stress (Anderson, Prasad, & Stewart, 1995; Bellaire et al., 2000; Yang et al., 2013). 3.3.3. Peroxidase (POX, EC: 1.11.1.7) The peroxidase activity showed an increase in lettuce under drought conditions. Treatment with ABA increased the peroxidase activity in all concentrations. ABA in combination with drought increased the peroxidase activity on all irrigation regimes (Table 3 ). Higher concentration like 15 decreased the POX activity in control at all irrigation regimes.
The peroxidase activity showed an increase in the drought stressed plants. Treatment with ABA increased the peroxidase activity. R. astragali plants under water deficit stress showed an enhancement in POX activity, irrespective of different genotypes (Tan et al., 2006) . Water deficit stress increased the POX activity in soybean plants (Zhang et al., 2006) . 
Conclusion
The parameters studied were biochemical constituents and antioxidant enzymes' activities in lettuce plants under drought stress and their response to ABA under stress. Drought stress caused an increase in the biochemical constituents like proline and amino acid contents when compared with control in lettuce. All these parameters also increased under individual ABA treatments and treatments under drought stress. ABA treatments to the unstressed plants caused an increase in these parameters.
The non-enzymatic antioxidant molecules like ascorbate and α-tocopherol showed significant increase under drought conditions in lettuce. ABA slightly reduced the non-enzymatic antioxidant contents. The antioxidant enzymes like superoxide dismutase, catalase and peroxidase showed significant increase under drought conditions in lettuce. ABA caused significant enhancement in these antioxidant enzymes under drought stress and also in unstressed conditions.
